Mechanisms of free shrinkage strains of desiccating deformable porous media are studied. The roles of surface evaporation rate, surface tension, and viscosity of pore fluid, soil compressibility and permeability are investigated. For drying tests on two geomaterials with three different pore fluids the evolution of shrinkage strain and fluid content is reported. Most of the strains occur in the saturated phase of drying prior to cracking. Simulations of this phase include evaporative fluxes at the external surfaces, a consequent water transport across the sample toward the surface producing pore pressure and stress gradients, local water content change, and deformation. Biot theory is used.
Introduction
The mechanisms of pore fluid loss from a deformable porous medium during desiccation are believed to play a key role in the onset of drying cracks (see e.g., Corte and Higashi 1960; Peron et al. 2006; Hu et al. 2006) . They also indicate a fundamental importance of external or internal kinematic constraints as well as of the rate of drying in the crack generation. In particular, no cracks arise for a slow and unconstrained drying while significant shrinkage is taking place. However, if the desiccation shrinkage is constrained, the reaction forces located at the constraints are proportional to the advancement in the liquid removal. It is hence speculated that the shrinkage strains are compensated by the tensile strain induced by the reactions. The tensile stress resulting from the latter strain can easily reach the tensile strength, thus inducing cracks.
The study of deformations due to drying is therefore fundamental in the understanding of the crack initiation in soils. Notably, it has been revealed that most of the desiccation shrinkage develops during the period when soil is saturated (Peron et al. 2006; Hu et al. 2006) , while cracks appear at the end of that period or at the early stage of desaturation. A new insight into the origin and mechanisms of these strains in the saturated range and its relationship to the fluid content change and fluid properties is offered in this paper.
The objective of this paper is to investigate the link between the amount and rate of shrinkage and the mechanisms of liquid removal during the saturation phase. In particular two questions are asked: what is the time rate of loss of water and of void ratio change, and what is the mechanism of shrinkage cessation at the onset of desaturation. Experiments and simulations were undertaken. Two different soils, saturated with three different pore fluids, characterized by different saturation vapor pressure, surface tension, latent heat of evaporation, viscosity, as well as diffusivity of its vapor in air, were tested. Slow, constant humidity environment, (isothermal) air-drying of thin and long rectangular slabs of soil slurry was carried out. The soils were: a clayey silt (referred to as silt A), and a powder of granite (silt B). The liquids were: water, ethanol and ethylene-glycol. Simulations were focused on surface evaporation and ensuing deformation in 1D using Biot theory. Considerations include vapour flux at the surface, vapour diffusivity from the surface into the air, surface tension, compressibility and permeability of the soil and pore liquid viscosity. Comparison of the experimental and simulation trends is then discussed.
Desiccation Tests
Three different fluids were used to permeate soils: tap de-aired water, ethanol/water mixture (prepared with a volume ratio of 50 % / 50 %), and ethyleneglycol/water mixture (65 % / 35%) with the properties compiled in Table 1 . The mixtures were used to avoid soil flocculation (Fernandez and Quigley 1988) . Saturation vapor pressure and latent heat for the mixtures were calculated as linearly dependent on molar fractions of pure constituents (Raoult's law). Geotech. J., 25,1988 , Hayduk & Malik. J. Chem. Eng. Data., 16(2), 1971 Tests were carried out on two different silts. Particles of sandy fraction, > 90 µm have been removed. Silt A is clayey silt of Bioley with the clay fraction about 25%; Clay minerals are: illite (10 % of the total mineral species), smectite (10 %) and chlorite (5 %).
The consistency limits are: w L = 31.8 %, and w P = 16.9 %, and the unit weight of solid particles is s = 27.1 kN/m 3 . Another batch of tests was performed on a material being a granite powder, referred to as silt B. This material has very low clay content (less than 7 %, mainly illite and chlorite). The limits are: w L = 29.5 %, and w P = 20.1 %, and the unit weight of solids is s = 27.7 kN/m 3 . Unconstrained desiccation tests were conducted in a climate chamber with controlled relative humidity and temperature, fixed at 40 % and 18 o C, respectively. The slurry was formed into 300 mm x 50 mm, by 12 mm high slabs. Evolution of strains with time in the three directions and average fluid content were recorded. Generally, two tests were performed for each fluid and silt, and average values are presented in the next Sections. Procedures of the soil preparation and test are described by Peron et al. 2006 .
In Figure 1 and in Figure 2 , the void ratio evolution during drying is plotted against the total volumetric fluid content for both materials. The dotted line denotes the theoretical void ratio evolution for the fluid saturated material, while the volume of solids remained constant. It is noted that at the beginning of drying all the curves do not appreciably differ from this line. Upon a more advanced desiccation, whatever the material and the fluid are, well before all fluid is evaporated, the shrinkage ceases. The volumetric water content value for which the void ratio deviates appreciably from the saturated values tends to depend on the pore fluid. Void ratio stabilizes finally, reaching a "limiting void ratio". The corresponding volumetric water content is identified as the shrinkage limit. At least for the silt A when wetted with water, the air entry value obtained from an independent evaluation via the characteristic curve coincides with the shrinkage limit.
It appears that for both materials, water induces the highest shrinkage and ethanol the lowest. Ethylene-glycol induces intermediate values, closer to water in the case of silt B, and closer to ethanol in the case of silt A. We also observe that water involves significantly more shrinkage in the case of silt A than in the case of silt B. For the two other fluids, limiting void ratios are closer.
Drying rates were calculated using the continuous weight evolution data. Their mean values together with limiting void ratio values and void ratio variation from drying onset to the shrinkage limit are summarized in Table 2 . It is clear that the rate of liquid volume loss depends both on the fluid and on soil type. The evaporation of a mixture of two fluids induces a continuous change of the mixture composition, as the more volatile fluid evaporates faster. This effect was quantified by measuring at different times the density of each mixture alone dried in the same conditions as the cakes. The corrected densities were used for the calculation of void ratio evolution during drying.
The drying of the cakes wetted with glycol is significantly slower than for the two other fluids. The results agree with the intuitive expectation: the higher the vapor pressure, the higher the fluid loss rate. The time evolution of the fluid loss from the entire samples is reported in Fig. 3 and 4 . 
Simulations
In this section we simulate the shrinkage of a 1D deformable porous slab due to evaporation in the saturated regime. It is commonly believed that the removal of fluid due to evaporation causes the shrinkage via a capillary mechanism. However, for a slurry soils investigated, the experimental evidence indicates that most of the shrinkage takes place when the porous medium is still fully saturated. Hence, there is no solidfluid-gas interface in the pore space. That requires a solid-fluid interaction other than suction or body surface tension to be considered. Hence for the saturated porous medium, evaporation occurring at the external solid-fluid-air interface only is postulated to be the driving force of shrinkage. Indeed capillary force may exist only at this boundary in a saturated medium. During the drying process the removal of the pore fluid at the boundary generates transport of fluid toward the boundary, and consequent fluid content decrease within the medium. That produces an increase of a negative pore pressure across the body. Such a scenario includes the rate of the removal of vapor from the surface into the atmosphere, transport (assumed as Darcian) of liquid within the body, compressibility of the porous medium, compressibility of the solid skeleton, capillary force at the boundary. To simulate such a process a poro-elastic constitutive relationship originally proposed by Biot (1941) is most suitable, as it explicitly fulfills the condition of saturation. In this formulation, the total stress and pore pressure are dependent upon both the total strain and the change of fluid content. In an incremental form, the stressstrain relationship could be expressed as in the following equations: 
The volume fluid flux q is assumed to be governed by Darcy's law
where k is the intrinsic permeability and is the kinematic viscosity. Clearly the presented system is limited by the linear stress-strain relationship, which may represent poorly the actual soil behavior. No consideration of strain irreversibility is made as well.
A 1D soil slab with length 2L is analyzed, subjected to an equal evaporation flux at both ends, under the condition of symmetry. To apply equations (1)-(4), to the deformation of a desiccating fluid saturated porous medium additional assumptions are needed. For a free shrinking case, clearly the boundary is total traction free, ij n j = 0 , at x = ±L . By symmetry, p x = 0 at x = 0 . One possible way to formulate transport boundary conditions is to equalize the molar liquid flux at the boundary with a molar vapor flux. Hence, in terms of mass, at the ends
J L is the evaporation mass flux that escapes from the external boundary of the porous medium. Evaporation is classically postulated as driven by the difference between the prevailing vapor pressure at the liquid surface and the vapor pressure in the ambient environment. It is described as a mass flux, J = E(e s e a ) , where e s is the saturated vapor pressure and e a is the ambient vapor pressure. E is the evaporation coefficient which is usually assumed to be a constant. However, no unique procedure is available to determine the factor E . A widely accepted hypothesis states that the escaped vapor diffuses through a boundary layer so the evaporation flux equals J = D / c s c a ( ), where D is the diffusion coefficient of the vapor, is the thickness of the boundary layer, while c s and c a are the mass concentration of the saturated vapor and the mass concentration of the ambient vapor, respectively. It should be noted that the liquid vapor and air are normally assumed to be ideal gases, so there is a linear relationship between vapor pressure and vapor concentration. At the boundary of a porous medium, the surface available for the evaporation is different from a perfect liquid-gas interface and will be affected by the pore space available. Hence the evaporation flux mass is modified as
), is the porosity at the boundary of the porous medium.
The initial pore pressure is set to be constant across the entire sample, determined by a surface tension phenomenon, p = 2T s cos / r 0 . T s is the surface tension, is the contact angle and r 0 is the initial pore radius.
The Equations (1)- (4) with the boundary and initial conditions discussed above describe the evolution and distribution of the shrinkage strain, pore pressure and fluid content within the slab body. Consecutive substitutions lead to a single partial differential equation for pore pressure p = p(x,t) , which is then solved approximately step by step in time, taking into account the variable mass flux of liquid at x = ±L equalized to the constant vapor flux. The resulting time evolution of void ratio has been obtained for the two silts A and B for each of the permeating liquids, as shown in Fig. 5 and 6. The void ratio obtained in the experiments is the average void ratio of the soil slab. The void ratio for simulation presented is the one at the external boundary. Besides the values of variables provided in the above paragraph, other parameters used are listed in Table 1 . As seen the only parameters differentiating between the silt solids is the undrained compressibility coefficient (intrinsic permeability is taken as the same for both silts). It is to be noted that the rates of fluid loss both from the experiments and the analysis depend on the solid and fluid characteristics. The experimental fluid loss is highly nonlinear, especially for water and glycol. Again, the higher the saturated vapor pressure, the higher the rate. The simulations predict a fluid loss, which is nearly linear. In fact, the slight departure from the linearity inherited from the assumption of constant vapor flux is introduced by taking into account the evaporation surface evolution induced by the strain dependence of void ratio. It appears moreover that the two silts react differently in terms of the drying rate: glycol evaporates faster from silt A than from silt B, whereas water and ethanol evaporate faster from silt B than from A. Note that silt A is stiffer than B, in terms of the undrained modulus. Simulations, while capture well the experimental rates suffer definitely from the inadequacy of the evaporation model, which is based on a nearly constant flux. In terms of the void ratio, the simulation is prone to reach an asymptote state earlier, especially for water and glycol. In terms of absolute values, water and ethanol yield a similar response in both soils. Ethanol develops high changes in void ratio in very short time in both soils, and no asymptote can be seen. Silt B deforms clearly faster than silt A.
Simulations better reproduce the void ratio changes than the fluid loss showing its non-linearity well. The biggest departure is in the case of ethanol, the rate of change being very fast. This also results in an apparent decrease of the terminal value of void ratio. It should be pointed out that the void ratio obtained in the simulation is an approximate one calculated form the local strains at each point. Theoretically void ratio versus moisture content is represented by the same linear relationship for all fluids and both soils, as implied by the assumptions of continuity and saturation.
Discussion
The experimental and the simulation results point out to several overly simplifying assumptions in our interpretation of the phenomena involved. It appears clear that the assumed relationship of the linear elastic response of the porous saturated body is hardly a good representation of the soil behavior. Similarly, the nearly constant vapor flux seems unrealistic. Finally, the elastic behavior has no limit, neither in terms of a yield limit or strain-locking limit, nor any criterion that would describe why shrinkage stops at a particular void ratio. Three most common hypotheses are air entry value, locking limit of compaction of a granular structure and cavitation of pore fluid.
Below we discuss the experimental results correlating the limiting void ratio and void ratio variation during drying to their pore fluid properties (surface tension, saturation vapor pressure, latent heat, kinematic viscosity). For each material, different limiting void ratios and void ratio variation are observed for each fluid, as seen in Figures 7-14 . First it appears that the limiting void ratio is much higher and void ratio variation is significantly smaller during drying of the granite silt B than of clayey silt A, both for the alcohols and water. Silt B is known to be less compressible than clayey silt A. This suggests that solid compressibility plays a first order role in the desiccation shrinkage process. Second, silt B shows almost no difference, neither in the amount of shrinkage, nor in the threshold void ratio when different fluids are drying out, despite differences in the basic properties of the fluids. However, this is visibly not the case for silt A, for which water produces markedly larger shrinkage and lower limiting void ratio, while those for both alcohols are very close one to another. We suggest that it is the clayey character that makes silt A to become so much more compliant with water that it is with alcohols. Earlier tests of Sridharan and Venkatappa Rao (1973) indicate a dramatically lower compressibility of clayey soils permeated with alcohols than with water, attributable to the existence of highly deformable electric diffuse double layer coatings around clay particles in the latter case. Hence, it appears that differences in response of soils in terms of the total shrinkage and limiting void ratio point to deformability differences rather than evaporative or surface tension (except for electrolytic) characteristics of the pore liquid.
Conclusions
Test results show that most of the strains occur in the saturated phase of drying. This drying phase is characterized by a surface evaporative flux. In this case, shrinkage is presumably driven by perimeter capillary force, and is controlled by the skeleton compressibility (including adsorbed water effect). The shrinkage limit appears also to be controlled by a limitation in skeleton compressibility (or at least independent of evaporative and surface tension characteristics of the liquids). However, the rate of water removal and rate of shrinkage seems to be controlled by evaporative and permeability properties. That would imply that generation of eigen-stresses and therefore cracking of externally unconstrained material (in fast drying) would also depend on the properties of the liquid.
